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In this  study,  variations  in  the  deligniﬁcation  and  bleaching  stages,  acid hydrolysis  and  high-pressure
homogenization,  led  to the  development  of  12  different  treatments  applied  for obtaining  nanoﬁbers  using
ﬁbrous residues  arising  from  the  starch extraction  process  from  the  achira  rhizomes.  The treatments  were
evaluated  based  on some  properties  and  characteristics  of nanoﬁbers  such  as:  morphology  and  size  (by
means  of  transmission  electron  microscopy),  surface  charge  (by  means  of  zeta  potential  measurements),eywords:
chira
anoﬁbers
iodegradable material
igh-pressure treatment
crystallinity  index  (by  means  of  X-ray  diffraction  analysis)  and  functional  groups  (by means  of  infrared
spectroscopy).  In general,  the nanoﬁbers  showed  particle  diameters  between  13.8  and  37.2  nm,  length
between  832.8  and  2223.8  nm  and  high  crystallinity  index  (57.5%  and 69.8%)  compared  with  achira  ﬁbrous
residue  (17.3%).  The  results  evidenced  that  ﬁbrous  residue  from  achira  rhizomes  can  be  used  as  a  source
of biodegradable  materials  of  commercial  interest.
© 2015  Elsevier  Ltd.  All  rights  reserved.. Introduction
Achira (Canna indica L.) is a perennial plant native of the Andes
n South America. Its cultivation has expanded to many Asians
ountries, due to the fact that it is one of the 25 sources of starch
onsumption in the tropics. Several studies have indicated that
he achira rhizomes have great technological potential not only for
heir use as a functional ingredient in the food industry but also
s a source of biopolymers for the packaging and pharmaceutical
ndustries (Andrade-Mahecha, Tapia-Blácido, & Menegalli, 2012a;
eonel, Sarmento, Cereda, & Guerreiro, 2002; Watcharatewinkul,
uttanlek, Rungsardthong, & Uttapap, 2009).
Nanoﬁbers obtained from agro-residues are recognized for their
rocessing advantages, biodegradability, low cost, low relative
ensity, high speciﬁc strength and renewable nature. A recent
tudy mentioned that rhizomes from achira are an interesting
ignocellulosic material for isolating nanoﬁbers, which may  be
sed as a ﬁller for enhancing the properties of biodegradable ﬁlms
∗ Corresponding author. Tel.: +57 2 2868888x34410.
E-mail address: mmandradem@unal.edu.co (M.M.  Andrade-Mahecha).
ttp://dx.doi.org/10.1016/j.carbpol.2015.01.027
144-8617/© 2015 Elsevier Ltd. All rights reserved.(Andrade-Mahecha, Tapia-Blácido, & Menegalli, 2012b). However,
there are no reported studies regarding environmentally friendly
process conditions for isolating nanoﬁbers from the achira ﬁbrous
residue.
The process conditions determine the characteristics of the
nanoﬁbers, their capacity to function as reinforcement materials
in polymeric matrixes and other potential applications (Cantiani,
Knipper, & Vaslin, 2002; Ghali, Msahli, Zidi, & Sakli, 2009; Sain
& Bhatnagar, 2008; Ziaie-Shirkolaee, 2009; Zuluaga et al., 2009).
For example, the deligniﬁcation and bleaching conditions affect
the crystallinity of the nanoﬁbers; the hydrolysis conditions
(acid concentration, time, temperature, and acid-raw material
ratio) determine the negative surface charge of the nanoﬁbers
and consequently, their dispersion capacity. Finally, the effect
of high pressure mechanical treatment is associated with the
individualization of the microﬁbrils and their high aspect ratio
(length/diameter), a desirable characteristic which enables a crit-
ical length for stress transfer from the matrix to the reinforcing
phase. The aim of this study was to develop twelve different treat-
ments for isolating nanoﬁbers from ﬁbrous residues resulting from
the starch extraction process on achira rhizomes. For this, we uti-
lized chlorine free bleaching sequences, low concentration of acid
bohydrate Polymers 123 (2015) 406–415 407
f
t
o
a
2
2
o
w
(
2
e
0
2
2
w
c
n
d
T
f
f
2
t
a
(
t
r
a
S
g
w
c
s
w
C
a
2
ﬁ
s
c
c
w
T
PM.M. Andrade-Mahecha et al. / Car
or hydrolysis and mechanical treatment at high-pressure for some
reatments. The morphology, size, crystallinity, and zeta potential
f achira nanoﬁbers were measured and analyzed according to the
forementioned process conditions.
. Materials and methods
.1. Raw material
The ﬁbrous residue resulting from the starch extraction process
n achira rhizomes was sun-dried to a ﬁnal humidity of 7.30 ± 0.02%
et basis. Finally, the dried material was ground in a knife mill
Marconi, Model MA340, Piracicaba, SP, Brazil), sieved through a
00 mesh screen, and stored at 5 ◦C in sealed polyethylene contain-
rs. The resulting achira ﬁbrous residue had a particle size range of
.075 mm > X < 0.21 mm.
.2. Achira ﬁbrous residue characterization
.2.1. Chemical composition analysis
The moisture and ash contents of the achira ﬁbrous residue
ere determined using the methods 925.09 and 923.03 of the Ofﬁ-
ial Methods of Analysis (AOAC, 2005). Acid detergent ﬁber (ADF),
eutral detergent ﬁber (NDF), cellulose, and lignin contents were
etermined according to Van Soest, Robertson, and Lewis (1991).
he hemicellulose content was estimated by subtraction of ADF
rom NDF (Van Soest, 1994, chap. 2). All the analyses were per-
ormed in triplicate.
.2.2. Crystallinity
X-ray diffraction analysis was performed using an X-Ray Diffrac-
ometer D5005 (Siemens, Karlsruhe, Deutschland) equipped with
 crystalline graphite monochromator. Ni-ﬁltered CuK radiation
 = 0.154 nm)  was produced at 40 kV and 30 mA.  XRD diffrac-
ograms were obtained at room temperature (25 ◦C) over a 2
ange of 5◦–70◦ in steps of 0.02◦/sec, using Diffrac Plus Evalu-
tion 11 Release 2005. Diffractograms were smoothed using a
avitsky–Golay method (polynome = 2, points = 15) using the Ori-
in software 8.5 (Northampton, MA,  USA). The crystallinity index
as calculated from the height ratio between the intensity of the
rystalline peak (I0 0 2 − IAM) and the total intensity (I0 0 2) after the
ubtraction of the background signal (non-crystalline) measured
ithout cellulose according to the method developed by Segal,
reely, Martin, and Conrad (1959) and described by Terinte, Ibbett,
nd Schuster (2011).
.2.3. Morphology
Scanning electron microscopy (SEM) micrographs of the achirabrous residue were obtained using a JEOL Model JSM-5800LV
canning electron microscope. The samples were mounted on
ylindrical aluminum stubs using a double-sided copper tape, and
oated with a ﬁne gold layer in a SCD050 sputter coater. All samples
ere examined using an accelerating voltage of 10 kV.
able 1
rocess conditions for obtaining nanoﬁbers from achira ﬁbrous residue.
Process conditions E1 
Peracetic acid Hydrogen Peroxide 
Temperature (◦C) 75 90 
Time  (h) 2 3 
Reagent concentration (%) 0.25 or 1.0 (w/v)a 4.0 (w/w)b
pH  initial 5 – 
pH  ﬁnal – 11.0–11.2 
a Conditions for each treatment are shown in Table 2.
b Conditions for each treatment are shown in Table 2.Fig. 1. Scheme describing the procedure used to isolate nanoﬁbers from the achira
ﬁbrous residue.
2.2.4. Fourier-transformed infrared spectroscopy
FTIR spectroscopy was  carried out using a model Spectrum One
Fourier transform infrared spectroscope (PerkinElmer, Waltham,
MA,  USA) equipped with a universal attenuator for total reﬂectance
(UATR). Infrared spectra were collected for the wavenumber range
4000–650 cm−1 at a resolution of 4 cm−1, and 20 scans were accom-
plished. Spectrum One B software (version 5.31) was employed, in
order to process the results.
2.3. Isolation of achira nanoﬁbers
The treatment stages used for obtaining the nanoﬁbers from
achira (Fig. 1) and the process conditions summarized in Table 1 are
based on a literature review regarding different methods and pro-
cess parameters published for the production of natural nanoﬁbers.
In the ﬁrst alkali treatment (T1), achira ﬁbrous residue was treated
with 5% w/v  KOH solution (ratio of 1:18) under mechanical stir-
ring at room temperature, for 14 h. Then, the insoluble residue
was recovered and washed three times using centrifugation cycles
E2 T3
Peracetic acid Hydrogen Peroxide (HCl or H2SO4)
75 90 80
2 3 1 or 2a
0.25 or 5.0 (w/v)a 4.0 (w/w)b 1.0 (v/v)
5 – –
– 11.0–11.2 –
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Table  2
Stages evaluated in different treatments for obtaining nanoﬁbers from achira ﬁbrous residue.
Treatment/sample name Deligniﬁcation and bleaching stages Acid hydrolysis High pressure homogenization
Hydrogen peroxide Peracetic acid 5 passes
(H2O2) (CH3CO3H) HCl H2SO4
4% (0.25%) (1 and 5%)a 2 h 1 h 2 h
NF1
√ √
NF2
√ √
NF3
√ √ √
NF4
√ √ √
NF5
√  √
NF6
√ √
NF7
√ √ √
NF8
√  √ √
NF9
√  √
NF10
√  √
NF11
√  √ √
NF12
√  √ √
√
 achir
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mStages and process conditions evaluated in the different treatments for obtaining
a 1% in the ﬁrst stage (E1) and 5% in the second stage (E2).
10.000 rpm/15 ◦C/15 min). The resulting material was  diluted in
eionized water and its pH was adjusted at 5.0 in order to start
 chelation treatment (Q) with EDTA. The chelating agent and
tabilizers such as MgSO4 can substantially reduce cellulose degra-
ation by removing transition metals present in the pulp. After
helation treatment two stages of bleaching (E1 and E2) using
eracetic acid or hydrogen peroxide were performed (Table 1). In
he case of hydrogen peroxide were added three reagents: NaOH,
TPA (diethylenetriaminepentaacetic acid), and MgSO4 (Oviedo &
odríguez, 2003; Ziaie-Shirkolaee, 2009). Successive washes with
eionized water and cycles of centrifugation (10,000 rpm; 15 ◦C;
5 min) were performed between stages of bleaching. The wet pulp
as subjected to a second alkaline treatment (T2) with a KOH
olution under the same conditions as in the ﬁrst stage was  per-
ormed, which improves the efﬁciency of deligniﬁcation of ﬁbers
s reported by Zuluaga et al. (2009). The washed insoluble residue
as subjected to acid hydrolysis (IPT/SENAI, 1988, chap. 9; Zuluaga
t al., 2009). Table 2 shows the stages evaluated for obtaining
anoﬁbers from achira ﬁbrous residue. After each stage of the
hemical treatment, the insoluble residue was neutralized with
lkaline or acid solution (5% KOH or 10% acetic acid, respectively),
epending on the pH, extensively washed with deionized water,
nd centrifuged (10,000 rpm; 5 ◦C; 10 min), until pH 7.0–7.3 was
eached. The coloidal residue was diluted with deionized water,
nd the resulting suspension was stored at 5 ◦C in a sealed con-
ainer. Further, the suspensions of the experiments 3, 4, 7, 8, 11,
nd 12 composed by 0.55% nanoﬁbers (w/w), were processed in
 two-stage high-pressure homogenizer (NS1001L2K-PANDA 2K,
iro Soavi S.p.A., Parma, Italy). The pressures in the ﬁrst and sec-
nd stage of the homogenizer were 500 and 50 bar, respectively. For
RD and FTIR analysis, 50 g of the nanoﬁber suspension obtained
fter each treatment was dried in a lyophilizer (Terroni, model LS
000, São Paulo, Brazil). The lyophilized samples were stored at 5 ◦C
n sealed containers.
.4. Achira nanoﬁbers characterization
Transmission electron microscope (TEM) was used to determine
he morphology and diameter of the nanoﬁbers. Each nanoﬁber
uspension was placed in ultrasonic bath for 5 min, then a drop of
iluted suspension was deposited on a carbon and parlodio-coated
rid (300 mesh) and ﬁnally dried at 40 ◦C for 5 min. Five samples of
ach treatment were examined using TEM (model ZEISS CEM 902)
perating at 80 kV. The diameters of the nanoﬁbers were deter-
ined by an image processing analysis software (ImageJ) usinga nanoﬁbers.
the TEM images. Around 50 measurements were performed for
each treatment (NF1–NF12). The zeta potential and length were
determined using a Zetasizer (Malvern Instruments, Ltd., UK). Five
samples of each treatment and six measurements of each set of
samples were examined in order to determine the length and zeta
potential for each nanoﬁber suspension. These measurements were
performed at room temperature (25 ◦C). The crystallinity index
(by means of X-ray diffraction analysis) and functional groups (by
means of infrared spectroscopy) of the nanoﬁbers were determined
at the same conditions described for achira ﬁbrous residue (Sec-
tions 2.2.2 and 2.2.4).
3. Results and discussion
3.1. Achira ﬁbrous residue characterization
There are several physical properties that are important to know
regarding natural ﬁber before exploring its potential uses. In this
study, chemical composition, crystallinity (XDR), and functional
group analysis (FTIR) of achira ﬁbrous residue were taken into
consideration as preliminary information in order to understand
the changes occurred in the nanoﬁbers. The chemical composition
of achira ﬁbrous residue and other ﬁbrous materials with poten-
tial use as a reinforcement agent for polymeric ﬁlms are shown
in Table 3. A relatively high level of insoluble ﬁber (NDF + ADF)
was observed in the achira ﬁbrous residue (64.3%). This by-product
may  also be of interest for the food industry, with potential appli-
cations as a functional ingredient in confectionery, bakery or in
the preparation of low-fat, high-ﬁber dietetic products as reported
by Zhang, Wang, and Shi (2010). These authors indicated that the
ﬁbrous residues from achira rhizomes have a high water-holding
and oil-holding capacity, both of which are beneﬁcial not only in
avoiding syneresis but also in stabilizing food products. The cel-
lulose content of achira ﬁbrous residue (19.1%) is close to that
reported for cassava bagasse (16.7%). Although the cellulose con-
tent of the majority of lignocellulosic materials ranges between 40%
and 45% (Reddy & Yang, 2009), factors such as plant age, origin, cli-
matic factors, extraction processes, and the type of analysis used,
can inﬂuence the structure and chemical composition of the ﬁber
(Mishra, Mohanty, Drzal, Misra, & Hinrichsen, 2004). The hemi-
cellulose content in achira ﬁbrous residue (16.1%) is higher than
the hemp and ﬂax ﬁbers (10% and 12%, respectively), and lignin
content in achira ﬁbrous residue (3.9%) is higher than the cotton
ﬁbers (0.7–1.6%). The ﬁbrous residue from achira rhizomes could
be recovered and used as a substantial source of dietary ﬁber which
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Table  3
Chemical composition of achira ﬁbrous residue (g/100 g db) and other natural ﬁbers with potential use as reinforcement material in nanocomposites.
Components Achira ﬁbrous
residue (this
study)
Residual ﬁbers
from cassava
brana
Sisal ﬁbersb Hemp ﬁbersc Corn silagec Cotton ﬁbersd Flax ﬁberse
Cellulose 19.1 ± 0.2 16.71 65.5 ± 0.5 68.0 32.0 85.0–90.0 72.0
Hemicellulose 16.1 ± 0.5 4.53 18.9 ± 0.7 10.0 31.0 – 12.0
Lignin 3.9 ± 0.3 8.70 12.3 ± 0.5 3.0 6.0 0.7–1.6 5.0
Ash  3.6 ± 0.03 2.54 1.0 ± 0.6 – – 0.8–2.0 –
Humidity 8.2 ± 0.1 ND 6.7 ± 0.1 – – – –
NDF  40.2 ± 0.2 38.26 – – – – –
ADF  24.1 ± 0.1 33.73 – – – – –
NDF: neutral detergent ﬁber, ADF: acid detergent ﬁber, ND: non-deﬁned.
a Saito, Cabello, and Fukushima (2006).
b Megiatto Junior (2006).
i
s
m
o
s
p
c
l
a
ﬁ
(
r
s
i
p
3
n
d
o
(
i
(
c
w
i
s
i
tc Thygesen, Oddershede, Lilholt, Thompsen, and Stahl (2005).
d Louis and Andrews (1987).
e Bledzki, Mamun, Lucka-Gabor, and Gutowski (2008).
s mainly constituted of cellulose, hemicelluloses and pectic sub-
tances. These compounds could also help to retard staling, control
oisture and avoid ice crystal formation (Zhang et al., 2010).
Some starch granules surrounding the ﬁbrous material can be
bserved in Fig. 2. This ﬁbrous material has an irregular surface with
ome waste from grinding. The presence of starch and other com-
onents observed in the achira ﬁbrous residue is the most probable
ause for this material being less puriﬁed in cellulose, hemicellu-
ose and lignin contents, as compared to other vegetable ﬁbers, such
s ﬂax, hemp, sisal and cotton (Table 3). The cross section of this
brous material showed an elliptical shape. According to Fagury
2005), the geometric shape is important for the ﬁbers used as
einforcement in ﬁlms, e.g., elliptical shapes provide for a better
tructural arrangement than the circular shapes, and the surface
rregularities provide for a better anchoring of the ﬁbers in the
olymeric matrix.
.2. Achira nanoﬁbers isolation and characterization
In the chemical treatment sequence used to isolate achira
anoﬁbers from the achira ﬁbrous residue, a change in color from
ark brown (Stage T1) to pale brown (stages Q, E1, and E2) was
bserved. This was followed by a change to pale yellow-brown
stage T2) and ﬁnally to white (Stage T3). The purpose of this chem-
cal treatment is to remove the lignin from the middle lamella
the region between the ﬁbers, rich in lignin), thus separating the
ellulose ﬁbers. The ﬁrst stage (T1), results in alkaline swelling,
hich causes physical changes in the ﬁber wall, thus facilitat-ng the penetration and diffusion of the reactants in the ﬁber
tructure. Many lignocellulosic materials become darker when
mmersed in an alkaline solution, this fact is mainly attributed to
he ionization of phenolic groups (chromogens such as conjugated
Fig. 2. SEM image of the achira ﬁbrous residue (50×, scale bar = 100 m).carbonyls, double bonds, and the combination of these) associ-
ated with the chromophores (IPT/SENAI, 1988, chap. 9; Viikari,
Pere, & Suumäkki, 1994). Accordingly, the color change observed in
the achira nanoﬁber isolation indicates the removal of chromogen
groups responsible for the brown color characteristic of the ini-
tial lignocellulosic material. In this research, the achira nanoﬁbers
obtained using hydrogen peroxide were white whereas the achira
ﬁbrous material treated with peracetic acid turned pale brown
after two bleaching stages (E1 and E2). Unlike treatment with
peracetic acid, before the bleaching stages with hydrogen per-
oxide, other reagents such as DTPA and MgSO4 were added in
order to reinforce the chelation stage (Q). These products may
have contributed positively to an effective deligniﬁcation of the
initial material, due to the control of metals present in the pulp,
especially in the chelation of manganese ions, which cause the
undesirable decomposition of hydrogen peroxide. This could be
avoided with an appropriate Mg/Mn  relation or by adding che-
lating agents. For this reason, the selectivity of hydrogen peroxide
as a bleaching agent depends strongly on the concentration of
these metals in the lignocellulosic material (Potu˚cˇek & Milichovsky´,
2000; Ziaie-Shirkolaee, 2009). Finally, the 12 treatments performed
for obtaining nanoﬁbers resulted in aqueous nanoﬁber suspen-
sions whose average concentration was  0.55 g of nanoﬁbers/100 g
of suspension. The yield obtained for each treatment is shown in
Table 4.
3.2.1. Morphology and size
The achira nanoﬁbers obtained in this work had diameters
between 13.8 and 37.2 nm,  showing that all the treatments were
effective in isolating the achira ﬁbers at a nanometric scale (Table 4).
The presence of nanoﬁbers in the 12 aqueous suspensions was
conﬁrmed by TEM analysis (Figs. 3 and 4). Regarding the effect
of mechanical treatment on morphology of nanoﬁbers, a greater
amount of ﬁlaments in NF3, NF4, NF7, NF8, NF11 and NF12 after the
ﬁve passes through the high pressure homogenizer was  observed,
which may  be associated with an effective individualization. The
process using H2O2 without ﬁnal mechanical treatment (NF9 and
NF10) resulted in nanoﬁbers with smaller diameters, while those
treated with H2O2 with ﬁnal mechanical treatment (NF11 and
NF12) showed the greatest diameters. In both comparisons the
result was  independent of the conditions of the acid hydrolysis
(T3). Moreover, the longer lengths (1987–2640 nm)  were present
in the nanoﬁbers that were not subjected to mechanical treatment
(NF1, NF2, NF5, NF6, NF9 and NF10). This result suggests that ﬁve
passes through the high pressure homogenizer, not only individu-
alized the nanoﬁbers but also led to shorter lengths. These results
indicate that the diameter of nanoﬁbers depends on the conditions
employed in the deligniﬁcation (E1 and E2) and the mechanical
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Table  4
Yields, dimensions, zeta potential, and crystallinity indexes of achira nanoﬁbers.
Sample or treatment Yield (db) Diameter, D Length, L Aspect ratio Zeta potential Crystallinity index
g  NF/100 g AFR (nm) (nm) (L/D) (mV) (Icr, %)
NF1 9.9 17.3 ± 7.7 2192.0 ± 66.7 126.7 ± 39.9 −44.0 ± 0.8 60.97
NF2  10.3 20.0 ± 9.2 2074.0 ± 161.7 103.7 ± 21.0 −35.1 ± 2.7 57.45
NF3  3.3 21.2 ± 6.5 1028.6 ± 103.0 48.5 ± 3.3 −89.9 ± 2.5 61.27
NF4  4.9 18.2 ± 7.7 934.7 ± 15.1 51.4 ± 11.2 −77.3 ± 2.2 66.3
NF5  14.9 25.8 ± 4.6 1987.8 ± 456.7 77.0 ± 23.7 −27.4 ± 0.7 64.03
NF6  14.5 20.1 ± 6.7 2223.8 ± 170.3 110.6 ± 27.4 −29.2 ± 0.5 69.81
NF7  12.7 31.7 ± 4.1 1025.4 ± 26.0 32.3 ± 3.4 −63.1 ± 1.7 61.46
NF8  12.0 19.5 ± 8.5 932.4 ± 66.6 47.8 ± 6.3 −61.5 ± 1.1 60.22
NF9  7.7 14.9 ± 0.9 2640.3 ± 396.0 177.2 ± 7.3 −14.0 ± 0.5 63.50
NF10  12.9 13.8 ± 6.9 2190.2 ± 240.2 158.7 ± 19.6 −26.5 ± 1.9 66.22
NF11 6.8 33.4 ± 8.8 979.6 ± 6.3 29.3 ± 5.5 −26.2 ± 0.6 64.88
32.8 ±
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F: achira nanoﬁbers; AFR: achira ﬁbrous residue; MCC: commercial microcrystalli
reatment; while the length of nanoﬁbers is dramatically affected
y the mechanical treatment.
Several authors have reported that the aspect ratio of the
anoﬁbers determines its performance as reinforcing material in
olymeric matrices. In this way, a high aspect ratio of nanoﬁbers
s desirable as this enables a critical length for stress transference
n the nanoﬁber/matrix interface; however, the reinforcing ability
s also associated with other characteristics, such as compatibility
etween the matrix components, concentration of the reinforcing
aterial and its superﬁcial charge. Higher aspect ratio values (177.2
nd 158.7) were present in NF9 and NF10 nanoﬁbers, as a conse-
uence of their smaller diameter and greater length. Furthermore,
he lowest values of aspect ratio (29.3 and 22.4) were present in
F11 and NF12 nanoﬁbers, that unlike NF9 and NF10, were sub-
ected to mechanical treatment, which may  have led to shorter
engths (≤979 nm). The lengths of the nanoﬁbers NF3, NF4, NF7
nd NF8 also conﬁrmed that mechanical treatment may  have been
he main cause for the reduction in the length of the nanoﬁbers.
he higher concentration of peracetic acid (1% and 5%) was  more
ffective in the removal of amorphous components in the ﬁbers,
esulting in ﬁner ﬁlaments with better dispersion. This outcome
ay  be observed when comparing NF5 and NF6 with NF1 and NF2
espectively (Fig. 3). The same characteristic was also observed
hen comparing NF7 (Fig. 4) with NF3 (Fig. 3).
Regarding H2O2 as a bleaching agent, TEM images of NF9, NF10,
F11 and NF12 showed a minor amount of dark particles (black
ots) as compared to the nanoﬁbers treated with peracetic acid.
hese dark particles may  be associated to mineral traces that
emain after the deligniﬁcation and bleaching stages, which indi-
ates that the chelating of metals was more effective using H2O2
n comparison to treatments using peracetic acid. This fact may
e the result of the greater efﬁcacy of H2O2 in absorbing chro-
ophore groups of lignin, thus contributing to the bleaching of
anoﬁbers. An interesting fact observed in TEM analysis of all
anoﬁbers suspensions subjected to high pressure homogenization
s the presence of a greater quantity of thicker diameter nanoﬁbers
s compared to nanoﬁbers that did not pass through this mechani-
al treatment. After chemical treatments, hydrogen ions (from the
cid treatment) can penetrate the cellulose chains in the amor-
hous domains promoting the hydrolytic cleavage of the glycosidic
onds and ﬁnally releasing individual crystallites. These crystal-
ites can grow in size because of their large freedom of motion after
ydrolytic cleavage. This explains why the crystallites are larger
n dimension than the original microﬁbrils (Souza & Borsali, 2004).
he effect of the mechanical treatment (15 passes at 500 bar) for cel-
ulose microﬁbril suspensions from potato tuber was  discussed by
ufresne, Dupeyre, and Vignon (2000), who showed through TEM
mages after mechanical treatment, that the microﬁbrils are still
ssociated together in bundles. Other authors obtained cellulose 9.9 22.4 ± 4.2 −55.4 ± 2.6 68.95
lulose. Experimental crystallinity indexes (Icr): MCC = 79.34%, AFR = 17.31%.
nanoﬁbrils from cassava bagasse whose diameter and length were
found to be in the range of 2–11 and 360–1700 nm,  respectively
(Teixeira et al., 2009). Comparing the morphology and size of the
achira nanoﬁbers obtained with nanoﬁbers from other tuberous, it
was found that all 12 treatments developed in this study allowed
the obtaining of individual nanoﬁbers (Figs. 3 and 4) whose diam-
eters were greater than those reported for potato and cassava
nanoﬁber, but very similar to the nanosized structures derived from
other sources such as nanoﬁbers from rice straw (12–35 nm)  (Abe &
Yano, 2009), wheat straw (15–35 nm)  (Chen et al., 2011), and sugar
beet (30–100 nm)  (Leitner, Hinterstoisser, Wastyn, Keckes, & Gindl,
2007). On the other hand, the dimensions of the cellulose whiskers
obtained after hydrolysis are mainly dependent on the percentage
of amorphous regions that vary for each organism and therefore on
the origin of the cellulose (Souza & Borsali, 2004).
3.2.2. Zeta potential
The presence of signiﬁcant negative surface charges on
nanoﬁbers can be conﬁrmed by zeta potential measurements
as an important parameter for examining dispersion stabil-
ity of nanoﬁber suspension (Elanthikkal, Gopalakrishnapanicker,
Varghese, & Guthrie, 2010). In the processes for obtaining
nanoﬁbers, it is important to maximize the repulsive forces
between them in order to avoid interactions that may  lead to
the formation of aggregates, which can negatively affect the rein-
forcement ability of the nanoﬁbers in the polymeric matrix. While
evaluating the effect of peracetic acid concentration on the zeta
potential of the nanoﬁbers obtained in the present study, it was
found that nanoﬁbers treated with a low concentration (0.25%)
showed a higher negative surface charge (Table 4) as compared
with nanoﬁbers treated with higher concentrations of this agent
(1 and 5%). This result can be evidenced by comparing the zeta
potential between NF1 and NF5 and between N3 and NF7 (refer to
process conditions in Table 1). Therefore, the use of peracetic acid
(1% and 5%) as a bleaching agent may  have led to the decrease of the
acid groups mainly linked to the xylan of the hemicellulose (uronic
and hexenuronic acids) resulting in a lower zeta potential. On the
other hand, the nanoﬁbers treated with H2O2 (NF9, NF10, NF11 and
NF12) showed less electronegative surface charge as compared to
the nanoﬁbers treated with 0.25% peracetic acid regardless of the
acid treatment and/or the mechanical treatment (NF1, NF2, NF3
and NF4) and to the nanoﬁbers treated with peracetic acid (1 and
5%) subjected to mechanical treatment (NF7 and NF8). This result
can be attributed to a greater removal of the degraded lignin and
hemicelluloses during bleaching using H2O2.The type of acid used in stage T3 (HCl or H2SO4) inﬂuenced
the zeta potential when a low concentration of peracetic acid
(0.25%) was  used in the deligniﬁcation and bleaching stages (E1
and E2). This can be evidenced when comparing the highest
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Fig. 3. TEM images of achira nanoﬁbers obtained by different treatments: (NF1) peracetic acid (0.25%) and HCl, (NF2) peracetic acid (0.25%) and H2SO4, (NF3) peracetic acid
( 4 and 
p
e
i
o
n
w
T
c
o
t0.25%), HCl and high pressure homogenization, (NF4) peracetic acid (0.25%), H2SO
eracetic acid (1% and 5%) and H2SO4 (1400×,  scale bar = 2000 nm).
lectronegativity presented by nanoﬁbers treated with HCl (NF3)
n relation to those treated with H2SO4 (NF4). However, the type
f acid (HCl or H2SO4) did not inﬂuence the zeta potential of the
anoﬁbers (NF7 and NF8) when the peracetic acid concentration
as increased to 1% and 5% in the E1 and E2 stages respectively.
he electrostatic repulsion of the nanoﬁbers in suspension is more
ommonly achieved by sulfuric acid hydrolysis due to the addition
f sulfate groups onto the nanoﬁber surface; however, in this study
he highest negative charge on the achira nanoﬁber surface washigh pressure homogenization, (NF5) peracetic acid (1% and 5%) and HC, and (NF6)
evidenced using peracetic acid (0.25%) in the two bleaching stages
(E1 and E2) and hydrochloric acid in the acid hydrolysis stage (T3).
The mechanical treatment also provided a desirable effect on the
surface charge of the nanoﬁbers, due to the fact that the nanoﬁbers
subjected to this treatment (NF3, NF4, NF7, NF8, NF11 and NF12)
were more electronegative as compared to the nanoﬁbers that were
not subjected to mechanical treatment (NF1, NF2, NF5, NF6, NF9
and NF10). These results showed that the mechanical treatment
at high pressure can maximize the repulsive forces among the
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Fig. 4. TEM images of achira nanoﬁbers obtained by different treatments: (NF7) peracetic acid (1% and 5%), HCl and high pressure homogenization, (NF8) peracetic acid
( nd HC
p  homo
n
b
3
f
t
a
l1%  and 5%), H2SO4 and high pressure homogenization, (NF9) hydrogen peroxide a
ressure homogenization, and (NF12) hydrogen peroxide, H2SO4 and high pressure
anoﬁbers and, consequently, aqueous nanoﬁber suspensions can
ecome more stable systems.
.2.3. Crystallinity
In achira ﬁbrous residue, the maximum intensity of the peak wasound at 2 21.76◦ (I2 0 0 = 278.98) and the intensity of diffraction of
he non-crystalline material was taken at 2 18.54◦ (Inon-cr = 230.67)
s shown in Fig. 5a. Therefore, achira ﬁbrous residue showed a
ow crystallinity index (Icr = 17.31%), which may  be explained byl, (NF10) hydrogen peroxide and H2SO4, (NF11) hydrogen peroxide, HCl and high
genization (scale bar = 2000 nm).
the presence of amorphous compounds such as amorphous cellu-
lose, hemicellulose and lignin. The crystallinity index is related to
the large number of secondary molecular bonds that exist in the
crystalline regions and the level of compaction in these regions.
After applying the treatments developed in this study to the achira
ﬁbrous residue, it was observed that all nanoﬁbers exhibited two
main reﬂection peaks at 2 = 16◦ and 2 = 22◦ which are related to
the cellulose crystalline structure (Fig. 5b–d). As shown in Table 4,
all samples presented a higher crystallinity index (between 57.5%
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aFig. 5. X-ray diffraction patterns of achira ﬁbrous residue (a) and achira nanoﬁ
nd 69.8%) as compared to achira ﬁbrous residue (17.31%). These
esults showed that all treatments used in this study were effective
n extracting amorphous components present in the achira ﬁbrous
esidue. The highest crystallinity indexes were obtained for NF6 and
F12 (69.8% and 68.9%, respectively) which were processed using
he same acid treatment (H2SO4) (T3) regardless of the bleaching
gent and/or the high pressure homogenization stage. An interme-
iate range of crystallinity index values (between 61.0% and 64.9%)
as obtained for nanoﬁbers treated with peracetic acid (E1 and
2 stages) and HCl for 2 h in the acid treatment (T3) regardless of
he peracetic acid concentration and/or the high pressure homog-
nization stage. Finally, the lower crystallinity index (Icr%) was
btained for NF2 (57.4%), resulting from the use of low peracetic
cid concentration and the H2SO4 treatment during 2 h.
In relation to the effect of acid peracetic concentration, it was
ound that the Icr% of the nanoﬁbers increased when a higher
oncentration of this bleaching agent was used for NF5 and NF6,
s compared to NF1 and NF2, respectively. Moreover, when the
ydrolysis time with sulfuric acid decreases to 1 h and the mate-
ial is subjected to ﬁve passes of high pressure homogenization,
he crystallinity index is lower, as observed for NF8. This result
uggests that the treatment with H2SO4 for 1 h is not enough to
emove trace minerals that can react with the bleaching agent,
esulting in free radicals (OH ), which may  accelerate degradation
f the most available celullose chains after mechanical treatment
t high pressure. Comparing NF3 and NF7, it can be observed thatbtained by different treatments: (b) NF1–NF4; (c) NF5–NF8 and (d) NF9–NF12.
the crystallinity index was  unaffected by the peracetic acid con-
centration and the ﬁnal mechanical treatment, indicating that the
use of hydrochloric acid for 2 h was  effective for enhancing the pro-
tection of the cellulose chains from the attack of remaining traces
of transition metals. It was also shown that the crystallinity index
of nanoﬁbers increased when hydrogen peroxide and mechani-
cal treatment at high pressure were employed (NF9 compared to
NF11 and NF10 compared to NF12) and decreased when higher
concentrations of peracetic acid and mechanical treatment were
employed, regardless of the type of acid used for T3 stage (H2SO4
or HCl), as observed when comparing NF5 with NF7 and NF6 with
NF8 (Table 4; Fig. 5c).
3.2.4. Fourier-transformed infrared spectroscopy (FTIR)
The characteristic bands of the functional groups identiﬁed
by FTIR analysis (spectra not shown) for achira ﬁbrous residue
(AFR), achira nanoﬁbers obtained at different treatment condi-
tions (NF1-NF12) and commercial crystalline cellulose used as a
reference pattern (MCC) are shown in Table 5. According to Zhao
and Liu (2010), the broad band between 3283 and 3332 cm−1
can be assigned to the stretching of O H groups typical of the
hydrophilic tendency of all the samples. The intensity of the band
at 2919 cm−1 represents the C H (aliphatic + aromatic) stretching
vibrations as found during a literature review regarding untreated
ﬁbrous material samples (Alriols, Tejado, Blanco, Mondragon, &
Labidi, 2009; Bilba & Ouensanga, 1996; Sun, Jing, Fowler, Wu,
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& Rajaratnam, 2011; Tomczak, Satyanarayana, & Sydenstricker,
2007). All nanoﬁber samples presented characteristic signals for
C H groups at 2857–2851 cm−1 region which could indicate that
there were remnants of lignin in all nanoﬁbers. The shoulder
observed at 1731 cm−1 in the achira ﬁbrous residue spectrum was
assigned to the carbonyl groups present in uronic acids or in acetyl
groups attached to hemicelluloses. It may  also be attributed to ester
linkage of carboxylic groups of the ferulic and p-coumaric acids
of lignin (Cherian et al., 2008; Sun et al., 2011). The absence of
this shoulder in all nanoﬁber samples indicated that the chemi-
cal treatments dissolved some components of hemicelluloses and
lignin. In the achira ﬁbrous residue sample, the band at 1632 cm−1
is due to C C the stretching vibration of the benzene ring, which is
characteristic of lignin as reported by Bilba and Ouensanga (1996).
In nanoﬁber samples, vibrational frequencies around 1607 cm−1
indicate a partial reaction of the C O bonds of hemicelluloses, as
reported by Wang and Sain (2007).
Unlike the spectrum of achira ﬁbrous residue (spectrum not
shown), all nanoﬁber samples showed the absence of absorption
bands at 1513 cm−1 (aromatic ring vibrations), 1416 cm−1 (aro-
matic skeletal vibrations), 1240 cm−1 (aromatic C O stretching)
and 840 cm−1 (aromatic C H out of plane bending), thus conﬁrming
the removal lignin components through some of the treatments
used in this study (Sun et al., 2011; Zhao & Liu, 2010). The bands
observed for all samples in the region between 1385 and 1285 cm−1
can be attributed to C H deformation of cellulose, hemicellulose
and lignin (Rosa et al., 2010), and the bands between 1175 cm−1
and 1149 cm−1 were attributed to C O anti-symmetric bridge
stretching of hemicelluloses (Ren, Sun, & Peng, 2008). The absorp-
tion band at 1170 cm−1 corresponding to C O anti-symmetric
bridge stretching and the C O C pyranose ring skeletal vibration
at 1082–1023 cm−1 region were attributed to cellulose, as reported
by Sun, Sun, Zhao, and Sun (2004). The bands at 1039–1031 cm−1
observed in the NF1, NF5, NF6, NF9, NF10 and NF11 samples were
due to C O stretching of cellulose and lignin. The bands observed
between 1021 and 1009 cm−1 in all samples were associated with
the vibration of C O and C H cellulose according to Alemdar and
Sain (2008). Finally, the bands nearest to 896 cm−1 indicated the
typical structure of cellulose.
4. Conclusion
In this study, it was found that all treatments applied were effec-
tive for reducing the presence of amorphous components in the
achira ﬁbrous residue and for obtaining ﬁbers with nanosize diam-
eters. The sulfuric acid hydrolysis during 1 h led to obtaining the
highest crystallinity indexes for nanoﬁbers NF6 and NF12 (69.8%
and 68.9% respectively), regardless of the bleaching agent and the
ﬁnal high pressure homogenization stage. The high aspect ratio and
crystallinity of NF6 and NF10 could be evaluated for developing
biodegradable materials with a low water vapour permeability at
high relative humidity (∼60%). Natural nanoﬁbers with low aspect
ratio (NF7, NF11 and NF12) might be explored for increasing elon-
gation of polymeric ﬂexible materials. Moreover, nanoﬁbers treated
with H2O2 (NF9, NF10, NF11 and NF12) showed less electronegative
surface charge as compared to those treated with 0.25% peracetic
acid (NF1, NF2, NF3 and NF4). This could be related with a possi-
ble removal of the degraded lignin and hemicellulose during the
bleaching stages, which led to obtaining nanoﬁbers with a higher
whiteness. Furthermore, the pale brown color of NF1–NF4 could be
useful for increasing the light barrier in nanocomposites.It is also important to highlight that the high pressure homoge-
nization as a mechanical treatment showed a desirable effect on
the surface charge of the nanoﬁbers for maximizing the repul-
sive forces between them (NF3 and NF4). This characteristic is
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mportant for improving the dispersion capacity of these nanoﬁbers
nto polymeric matrixes and for obtaining good mechanical prop-
rties in the resulting materials. On the other hand, nanoﬁbers with
ow electronegative surface charge (NF5, NF9 and NF10) could be
ested as material for promoting cellulose–cellulose interactions
nd consequently, to obtain a low elongation in some biodegrad-
ble materials. Finally, the intermediate values of aspect ratio,
eta potential and crystallinity obtained for NF8 can be a starting
oint to the optimization of the process conditions for isolating
anoﬁbers from achira. The information presented in this study
eveals the potential of achira nanoﬁbers for future researches
egarding the development of technology required for the produc-
ion of biodegradable materials on an industrial scale and their
otential uses.
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